␥-Secretase cleavage is the final enzymatic step generating ␤-amyloid via intramembranous cleavage of the amyloid precursor protein (APP). Presenilin (PS), initially identified as a gene in which mutations account for the vast majority of early-onset autosomal dominant Alzheimer's disease, is a major component of ␥-secretase. Enzymatic activity also depends on nicastrin, Aph-1, and Pen-2. We propose a model in which ␥-secretase components assemble, interact with substrates initially at a docking site, and then cleave and release substrates. To test this model, we developed a novel morphological technique on the basis of advanced fluorescence microscopy methods, fluorescence lifetime imaging microscopy (FLIM). FLIM allows us to examine protein-protein "proximity" in intact cells. We show that, although the strongest colocalization of APP and PS1 is in the perinuclear area, the strongest interactions detected by FLIM are at or near the cell surface. We also found that APP-PS1 interactions occur even when ␥-secretase inhibitors or "dominant-negative" PS1 mutations are used to block ␥-secretase activity. Finally, using nicastrin RNA interference, we demonstrate that nicastrin is critical for APP association with PS1. We interpret these results to suggest that there is a noncatalytic docking site closely associated with PS1-␥-secretase.
Introduction
Alzheimer's disease (AD) is characterized by the accumulation in the brain of senile plaques, composed primarily of the 40 -42 amino acid peptide ␤-amyloid (A␤). The generation of A␤ depends on cleavage of amyloid precursor protein (APP) by ␤-and ␥-secretases. It is now recognized that presenilin 1 (PS1), a gene known to cause early-onset autosomal dominant Alzheimer's disease, is critical for the ␥-secretase activity (De Strooper et al., 1998) . Recent studies suggest that at least three other components, nicastrin (Nct), Aph-1, and Pen-2, are also necessary components of the ␥-secretase complex (Yu et al., 2000b; Francis et al., 2002; Goutte et al., 2002) .
PS1 has been suggested to contain the active site of the ␥-secretase. Mutations of either of two critical aspartate residues in PS1 prevent heterodimer formation of presenilin and block ␥-secretase cleavage of APP (Wolfe et al., 1999; Yu et al., 2000a) . Moreover, photoaffinity cross-linking of ␥-secretase transition state analogs resulted in specific tagging of PS1 (and PS2) heterodimers (Esler et al., 2000; Li et al., 2000; Seiffert et al., 2000) ; this is consistent with the idea that presenilins contain the proteolytic active site. In addition, familial AD autosomal dominant mutations in PS1 or PS2 enhance A␤42 generation (Selkoe, 2001) , also supporting the hypothesis that PS1 is a critical component of ␥-secretase.
Where APP and ␥-secretase-PS1 interact in cells has been a matter of debate, because PS1 and APP overlap to the greatest extent in the endoplasmic reticulum (ER)-Golgi, but ␥-cleavage of substrates seems to occur at or near the cell surface (Haass and DeStrooper, 1999; Cupers et al., 2001) , leading to the so-called "spatial paradox." The evidence that PS1 and APP do interact comes from coimmunoprecipitation experiments, in which APP C-terminal fragments (CTFs) can be coprecipitated with PS1 (Xia et al., 1997 . Similarly, isolation of ␥-secretase activity using an active site aspartyl protease inhibitor affinity column and a detergent solubilized in vitro preparation yielded PS1 and nicastrin but, surprisingly, also APP C-terminal fragments (Esler et al., 2002) . Additionally, in a solubilized cell-free system, aspartyl protease transition state analogs displayed linear noncompetitive inhibition of ␥-secretase activity (Tian et al., 2002) . These observations led to the hypothesis that ␥-secretase has a "docking" site for APP in addition to a catalytic site and that PS1 might contribute to this as well.
Our current studies test these hypotheses in an intact cell system. Using two morphologically based assays of protein "proximity" [fluorescence resonance energy transfer (FRET) and fluorescence lifetime imaging microscopy (FLIM)], we now demonstrate that PS1 and APP are tightly associated in distal subcellular compartments in an intact cell. Genetic and pharmacologic manipulations that block ␥-secretase catalytic activity do not prevent the association of APP with PS1, consistent with the presence of an APP docking site on the PS1-␥-secretase complex. In contrast, disrupting the ␥-secretase complex by using RNA interference (RNAi) for nicastrin precludes APP-PS1 interactions, suggesting that the absence of nicastrin impairs docking of APP to the presumably disrupted PS1-␥-secretase complex.
Materials and Methods
Cell lines and drug treatments. Chinese hamster ovary (CHO) cells that were stably transfected with APP770 and either wild-type PS1 (wt PS1) or aspartate mutant PS1 (D257A PS1) were grown in OPTI-MEM (Invitrogen, Carlsbad, CA) with 5% fetal bovine serum and appropriate antibiotics (Puromycin or Zeocin, respectively) (Berezovska et al., 2000) . To inhibit ␥-secretase activity (to modulate or block the active site), cells were incubated for 4 hr with either a small dipeptide analog ␥-secretase inhibitor, N- [N-(3,5-difluorophenacetyl)-L-alanyl] -(S)-phenylglycine t-butyl ester (DAPT) (500 nM) (Dovey et al., 2001) , or a (hydroxyethyl)urea peptidomimetic WPE-III-31C (1 M) (Esler et al., 2002) before immunostaining. Human embryonic kidney (HEK) 293 cells were used for the RNAi experiments.
Immunocytochemistry and antibodies. Cells were fixed and immunostained 24 hr after transfection as described previously (Jack et al., 2001 ). We used a polyclonal C8 antibody (Selkoe et al., 1988) to detect the C terminus of APP. A monoclonal antibody to the loop region of PS1 (Chemicon, Temecula, CA) was used to identify the ␥-secretase complex. PS1 N-terminal X81 antibody was a gift from D. Selkoe (Brigham and Women's Hospital, Boston, MA); PS1 C-terminal antibody was purchased from R & D Systems (Minneapolis, MN). For FRET-FLIM studies, we chose cyanine 3 (Cy3)-labeled goat anti-rabbit as the acceptor fluorophore and FITC-labeled goat anti-mouse as the donor fluorophore.
FLIM and FRET assays. FLIM relies on the observation that fluorescence lifetimes (the time of fluorophore emission after brief excitation, measured in picoseconds) are shorter in the presence of a FRET acceptor. A mode-locked Ti-sapphire laser (Spectra-Physics, Fremont, CA) sends a femtosecond pulse every 12 nsec to excite the fluorophore. Images were acquired using a Bio-Rad (Hercules, CA) Radiance 2000 multiphoton microscope. We used a high-speed Hamamatsu (Bridgewater, NJ) detector and hardware and/or software from Becker and Hickl (Berlin, Germany) to measure fluorescence lifetimes on a pixel-by-pixel basis (Bacskai et al., 2003) . Donor fluorophore (FITC) lifetimes were fit to two exponential decay curves to calculate the fraction of fluorophores within each pixel that either interact or do not interact with an acceptor. These lifetimes were then mapped by pseudocolor on a pixelby-pixel basis over the entire image.
Validation of the FLIM assay. The following controls were used to establish and validate the FLIM assay. (1) As a negative control, FITC lifetime was measured in the absence of the acceptor. The cells were double stained with primary antibodies, followed by secondary antibodies, including FITC-labeled and nonfluorescentlabeled antibodies (no acceptor fluorophore).
(2) As a positive control, FITC lifetime was measured in the presence of an acceptor. For this, the cells were immunostained for presenilin, using a standard monoclonal anti-loop domain antibody. This antibody was visualized with a FITC-labeled goat anti-mouse antibody, followed by reacting with a donkey anti-goat antibody labeled with Cy3 to bring FITC and Cy3 into a close proximity ( Fig. 1 A) (Kinoshita et al., 2001 ). (3) We then used our positive control (Cy3 anti-FITC) to select an area within the cell (one-half of the cell) in which the Cy3 acceptor is destroyed by photobleaching by scanning the area for 30 sec with 568 nm light at 100% laser power. The resulting intensity image shows an increase in FITC intensity because the FITC is "dequenched" in the area in which the Cy3 was photobleached (Fig. 1 B) . In contrast, the FITC fluorescence lifetime (FLIM image) within the area in which the acceptor was photobleached reverts to a longer lifetime (blue), identical to the lifetime of FITC in the absence of an acceptor (as in the negative control) (Fig. 1 A) . This control shows a close correlation between the FLIM and photobleaching FRET assays. (4) Another negative control that we used was counterstaining of the cells with an antibody predicted to colocalize with PS1 but not interact with PS1. PS1 is expressed in the ER. Double immunostaining shows that PS1 colocalizes with an ER resident protein, BiP (binding protein). However, despite colocalization, the FITC (PS1) lifetime is the same as in the negative control, suggesting that BiP (Cy3 labeled) does not act as an acceptor. This control demonstrates that a change in the fluorescence lifetime, indicating FRET, is a more sensitive measure of proximity than simple colocalization.
Photobleach dequenching FRET measurements were made using a Bio-Rad1024 confocal microscope mounted on a Nikon (Tokyo, Japan) Eclipse TE300 inverted microscope. A krypton-argon laser was used to excite FITC and Cy3 (excitation wavelengths, 488 and 568 nm, respectively). FRET was measured using a method developed for laser scanning confocal microscopy Kinoshita et al., 2001 ). The amount of FRET was calculated as a percentage increase in donor (FITC) fluorescence intensity after photobleaching the acceptor (Cy3) in a small part of the cell (ϳ8 ϫ 8 m). This ratio was then normalized to the percentage change in FITC fluorescence intensity in a nonbleached area of the cell. The percentage change in fluorescence intensity was compared with the null hypothesis value of 1 by one-group t tests.
Nicastrin RNAi. We used a 21-mer double-stranded RNAi (Dharmacon Research, Lafayette, CO) directed against Nct (Edbauer et al., 2002) . Cells grown in 60 mm dishes were transfected with 20 l of 20 M Nct RNAi using Effectene reagents (Qiagen, Valencia, CA) according to the instructions of the manufacturer. The cells were harvested 72 hr after transfection, lysed in a buffer containing 1% Triton X-100, and resolved by electrophoresis on a 10 -20% Tris-glycine gel (Invitrogen, Carlsbad, CA). HEK 293 cells showed the strongest suppression of nicastrin expression (H4 and CHO cells were also tested) and were used for the FLIM analysis. 
Results
To analyze the proximity between different molecules in intact cells, we used two complementary assays: a photobleach dequenching FRET assay that we used for confocal microscopy (Kinoshita et al., 2001 ) and a FLIM technique performed on a multiphoton microscope (Bacskai et al., 2003) .
FLIM reveals a close association of PS1 and APP in distal subcellular compartments
Confocal microscopic analysis of cells double stained with anti-PS1 loop (Chemicon) and C-terminal APP (C8) (Selkoe et al., 1988) antibodies reveals extensive perinuclear colocalization of APP and PS1, as well as lower signal in distal cell compartments (Fig. 2) . This method shows subcellular compartment colocalization but not necessarily a close intermolecular interaction. We used FLIM to determine where in the cell APP and PS1 could be found in the closest proximity by analyzing the lifetime of the donor fluorophore.
Fluorescence lifetime is influenced by the surrounding microenvironment and is shortened in the immediate vicinity of a FRET acceptor fluorophore. The degree of lifetime shortening is inherently a quantitative measure of proximity, and changes in this quantity reflect alterations in conformation that can be displayed with very high spatial resolution in a pseudocolor-coded image. The fluorescence lifetime is displayed as a color; if molecules are closer together, the donor fluorescence lifetime will be shorter, and the color will be closer to red. We measured changes in the lifetime of FITC (the donor fluorophore) under different experimental conditions. Our negative control (in the absence of an acceptor fluorophore) showed that the lifetime of FITC (conjugated to IgG, hereafter referred to as FITC) alone is ϳ2600 Ϯ 110 psec, whereas in the positive control (Cy3 anti-FITC), the FITC lifetime shortens to 1400 Ϯ 59 psec (Fig. 1) .
In each experiment, PS1 loop is stained with FITC, and APP (including the APP C-terminal fragments C83 and C99) is stained with Cy3. Although the strongest colocalization occurs in the Golgi and ER, as seen by confocal microscopy (Fig. 2) , FLIM analysis shows that APP and PS1 do not interact closely in these compartments (the green-blue staining in the FLIM image) (Fig.  3) . Instead, PS1 and APP come into closest spatial proximity (Fig.  3 , red pixels) primarily in more distal compartments near the cell surface. To analyze the fluorescence lifetime in each pixel of the imaged cell, a pseudocolored and enlarged FLIM image (each individual pixel, ϳ0.04 m 2 ) was superimposed onto a look-up table with the average lifetimes for each pixel (Fig. 3B) . We found that the average fluorescence lifetime was ϳ2118 Ϯ 190 psec on the periphery of the cell and 2402 Ϯ 49 psec in the perinuclear (ER-Golgi) compartments ( p Ͻ 0.05, compared with 2600 Ϯ 110 psec for no interaction control).
Inhibition of ␥-secretase function does not prevent association of APP with PS1-␥-secretase
We next asked whether APP and PS1 interactions would still be observed if the ␥-secretase function was inhibited. We used the highly potent ␥-secretase inhibitor DAPT (Dovey et al., 2001; Micchelli et al., 2002) or a D257A PS1 mutation, which diminishes A␤ and Notch1 processing substantially and appears to be "dominant negative" in terms of ␥-secretase function. The shortened lifetime of FITC (PS1) in the presence of Cy3-labeled APP shows that the PS1 loop epitope is in close proximity to the C terminus of APP after each of these manipulations (Table 1 ). In parallel experiments (sister cultures), we measured A␤ production after DAPT treatment and found a significant decrease in A␤ secretion (data not shown).
Thus, FLIM analysis revealed that neither Asp mutations nor DAPT treatment prevents interactions between APP and PS1; the fluorescence lifetime was approximately the same as that seen with untreated wild-type PS1 (Table 1) .
FRET analysis of the proximity between APP and PS1
To verify that the shortened donor fluorescence lifetimes observed in the FLIM experiments are attributable to FRET between PS1 and APP labels, we confirmed these observations using an alternative strategy to measure FRET: a photobleach dequenching assay.
FRET arises when donor and acceptor molecules are Ͻ10 nm apart. Cells stably expressing wt PS1 and APP770 were double labeled with PS1 loop and APP C-terminal antibodies, followed by FITC-and Cy3-labeled secondary antibodies, respectively. A small area within the cell was photobleached at 568 nm (acceptor only), and FITC fluorescence intensity (488 nm) was measured before and after photobleaching. Figure 4 A shows the presence of FRET between PS1 and APP CTFs. We observed an 11.6 Ϯ 3% (n ϭ 8; p Ͻ 0.05) increase in FITC fluorescence intensity in the bleached area, indicating that the C terminus of APP is in close proximity to the loop region of PS1.
Treatment with ␥-secretase inhibitors (or Asp mutations in PS1) prevents processing of substrates at the ␥-secretase site. Therefore, we tested whether FRET would be altered by DAPT treatment. Treatment with DAPT also revealed significant FRET between APP and PS1 (19.8 Ϯ 2%; n ϭ 8; p Ͻ 0.05), indicating that the ␥-secretase inhibitor does not disrupt association of APP with the PS1 containing the ␥-secretase complex (Fig. 4 B) . This was also true for the D257A PS1 mutation; we observed a 25.9 Ϯ 11% (n ϭ 8; p Ͻ 0.05) increase in FITC fluorescence intensity compared with a non-FRET control.
Therefore, both the FLIM and photobleaching assays suggest that APP interacts closely with PS1, even when ␥-secretase is inhibited.
These data suggest either that DAPT and the D257A mutation stabilize an APP-PS1 active site complex (acting as noncompetitive inhibitors) or that there is a second binding site on the PS1-␥-secretase complex for APP. We reasoned that an agent that binds to the active site would compete with APP, blocking the APP-PS1 interaction if the first possibility were the case. We used a well characterized transition state analog, WPE-III-31C, that binds to the active site of ␥-secretase (Esler et al., 2002) . The cells were treated with WPE-III-31C to examine whether APP would still be associated with the PS1 loop region. The data show clearly that, although the active site is occupied, there remains a tight association between APP and PS1 (Table 1) . Thus, our data suggest that there is a docking site, distinct from the catalytic site, on the PS1-␥-secretase complex.
The association of WPE-III-31C with the active site suggests its possible use as a histological reagent to identify the subcellular location of the active site and as a FRET reagent to probe the microenvironment near the active site. It has been observed that transition state analogs such as WPE-III-31C bind specifically to the heterodimeric form of PS1 and not to the holoprotein before cleavage. We therefore expect them not to bind to the D257A mutant protein that does not undergo cleavage. We used a biotinylated form of WPE-III-31C (Esler et al., 2002) as a histological reagent. Analysis of wild-type PS1 or the D257A mutant PS1 CHO cells exposed to biotinylated WPE-III-31C showed a striking difference in Cy3-strepavidin distribution. Figure 5 shows little staining of the D257A cells, which did not colocalize with PS1 immunostaining by a monoclonal antibody developed with FITC. In contrast, wt PS1-expressing cells were strongly stained by WPE-III-31C, and this staining colocalized with PS1 immunostaining. Note that there was less WPE-III-31C-Cy3 signal in the proximal perinuclear compartment compared with PS1 immunoreactivity, confirming our observation that some of this PS1 is in a different conformation and is likely not proteolytically active.
FLIM analysis of the biotinylated transition state analog WPE-III-31C suggests a close association with the PS1 loop region
We reasoned that if WPE-III-31C bound to the active site and if the transmembrane domains (TMs) near the PS1 loop are near the active site, we might be able to detect an interaction between the ligand [WPE-III-31C-biotin (-bi)] and the PS1 loop region using FLIM-FRET. We examined this possibility in wtPS1-expressing cells and found that there was strong FRET, as observed by a shortening in fluorescence lifetimes, between the PS1 loop antibody and WPE-III-31C. Interestingly, neither a PS1 N-terminal antibody nor an APP C-terminal antibody showed statistically significant FRET with WPE-111-31C, despite complete colocalization of the PS1 N-terminal antibody with WPE-111-31C at the light level (Table 2 ). These data reinforce the specificity and proximity dependence of the FLIM assay and act as an additional negative control for the technique.
Nicastrin is important for APP-PS1 association
The above experiments show that there is an APP-PS1 interaction even in the presence of pharmacological inhibitors and dominant-negative PS1 mutations. Nicastrin has been reported to be a major component of the ␥-secretase complex, and nicastrin RNAi blocks ␥-secretase function (Edbauer et al., 2002) . We tested whether nicastrin interactions with PS1 and ␥-secretase were important for the association of substrates to the ␥-secretase complex. We used a nicastrin RNAi knock-down approach, followed by FLIM analysis, to examine APP-PS1 interaction in HEK 293 cells. Three days after treatment with nicastrin small interfering RNA, the amount of immunodetectable nicastrin was minimal as seen by Western blot analysis (Fig. 6 A) . There was no evidence of enhanced cell death in the treated (compared with mock treated) cells. Nicastrin RNAi-treated cells were then immunostained with APP and PS1 antibodies as described above. The proximity between endogenous APP CTF and PS1 loop was then analyzed by FLIM. Importantly, the same pattern of PS1-APP FLIM occurred using endogenous proteins as we had observed in stable transfected CHO cells. In contrast to our previous studies of D257A PS1 mutations, DAPT and WPE-III-31C, which did not affect the association of APP with PS1, we found that nicastrin RNAi treatment completely disrupts the APP-PS1 assembly (Fig. 6 B) .
Discussion
FRET (or FRET-based FLIM) provides information about the proximity between donor-and acceptor-labeled molecules. FRET arises when donor and acceptor molecules are brought into close (Ͻ10 nm) proximity after the formation of a protein complex.
Using this proximity approach, we studied how different pharmacological agents or genetic manipulations affect APP-PS1 interactions in intact cells. We found the following: (1) APP-PS1 interactions are tighter near the cell membrane rather than in the Golgi-ER (despite greater expression and apparent colocalization in the latter compartments), (2) neither aspartate mutations nor ␥-secretase inhibitors prevent the association of APP with PS1, suggesting the presence of both a docking site and an active site on the PS1-␥-secretase complex, and (3) nicastrin is important for the docking of APP to the PS1-␥-secretase. These results confirm and extend the cell-free assay findings that APP CTFs and PS1 "pull down" in coimmunoprecipitation experiments , PS1 and APP CTFs coisolate when bound to a column containing a transition-state analog (Esler et al., 2002) and that isolated ␥-secretase shows nonlinear kinetics with various inhibitors (Tian et al., 2002) . However, in these reconstitution experiments, varying detergent conditions could have altered the extent to which various constituents were present.
We show that, in intact cells, inhibition of ␥-secretase activity, either by the introduction of aspartate mutations in PS1 or by treatment with some ␥-secretase inhibitors, did not affect association of APP with the PS1-␥-secretase complex. In both cases, APP and PS1 still interact at least as strongly as with untreated wild-type PS1 (Table 1) . Moreover, occupation of the ␥-secretase active site by the inhibitor WPE-III-31C, a well characterized transition state analog that can be used to isolate a functional ␥-secretase complex from cell homogenates (Esler et al., 2002) , did not prevent association of APP with PS1 in intact cells. These data show clearly that a very tight association between APP and PS1 remains, despite active site occupation, which is consistent with the presence of a docking site. In addition, we show that WPE-III-31C, which binds to the active site of ␥-secretase, is closely associated with the PS1 loop domain but not with the N-terminal epitope. These results are consistent with copurification data (Esler et al., 2002) and strongly support the notion that the ␥-secretase active site is located between TM6 and TM7, where the two critical aspartates lie near the loop region of PS1.
Our data also address the subcellular localization of APP-PS1 interactions. The spatial paradox reflects the observation that APP and PS1 overlap most strongly in the Golgi and ER but that ␥-secretase function and APP cleavage are not prominent in the site of the greatest overlap, the ER (Cupers et al., 2001 ). This discrepancy has been used to support the argument that PS1 is not ␥-secretase. Our imaging technique confirms that, by con- ventional immunostaining, APP and PS1 overlap to the greatest extent in a perinuclear location (Fig. 2) . However, they come into closest proximity, as detected by the FLIM assay, in the distal compartments near the cell surface. We hypothesize that PS1 adopts an active conformation only in distal compartments. If so, these data provide an alternative explanation for the spatial paradox in which PS1 in distal cellular compartments is an important component of a ␥-secretase complex. We also tested the role of nicastrin in the formation of an APP-PS1 complex. Nicastrin knock-down using RNAi has been reported to disrupt PS1 processing to heterodimeric forms and ␥-secretase function (Edbauer et al., 2002) . We asked whether RNAi-mediated knock-down of nicastrin would alter APP-PS1 interactions, because other manipulations that inhibit ␥-secretase, including the D257A PS1 mutation that also precludes heterodimer formation, still allow for APP-PS1 interactions that are detectable by coimmunoprecipitation or FRET. Interestingly, we could not detect any FRET between APP and PS1 in cells treated with nicastrin RNAi. We interpret this result to mean that the absence of nicastrin diminishes APP-PS1 interactions. Our current data do not differentiate between the possibilities that nicastrin contributes directly to the docking site or that it acts upstream of docking in the formation of the ␥-secretase complex.
Our model suggests that APP interacts with ␥-secretase at a docking site, as well as at a proteolytic cleavage site. We propose that the docking site may confer specificity or play a modulatory role in ␥-secretase-substrate interactions. If APP and Notch (or other substrates) are docked at different sites or if docking of each substrate is subserved by separate docking proteins, it may be possible to selectively inhibit APP-␥-secretase interactions. There have been a number of proteins reported to undergo PS1-dependent ␥-secretase cleavage (Baki et al., 2001; Ni et al., 2001 ; Lee et al., 2002; Marambaud et al., 2002; May et al., 2002) . Therefore, because direct inhibition of ␥-secretase cleavage could disrupt many substrates, a better understanding of specific APP-␥-secretase interactions at a noncatalytic site may ultimately have therapeutic implications, because drugs targeted to a docking site might better discriminate among substrates than active site ␥-secretase inhibitors. The degree of the fluorescence lifetime shortening indicates that the ␥-secretase transition state analog WPE-III-31C is in the closest proximity to the PS1 loop region and far away from PS1 N terminus (n, indicates number of cells). NT, N terminus; CT, C terminus.
